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Summary  Several  recent  developments  are  brought  together:  (i)  the  new  availability  of  a
consensus, curated  human  metabolic  network  reconstruction  (Recon2),  approximately  a  third
of whose  steps  are  represented  by  transporters,  (ii)  the  recognition  that  most  successful  (mar-
keted) drugs,  as  well  as  natural  products,  bear  signiﬁcant  similarities  to  the  metabolites  in
Recon2, (iii)  the  recognition  that  to  get  into  and  out  of  cells  such  drugs  hitchhike  on  the  trans-
porters that  are  part  of  normal  intermediary  metabolism,  and  the  consequent  recognition  that
for intact  biomembrane  Phospholipid  Bilayer  diffusion  Is  Negligible  (PBIN),  and  (iv)  the  conse-
quent recognition  that  we  need  to  exploit  this  and  to  use  more  phenotypic  assays  to  understandpharmacology how drugs  affect  cells  and  organisms.  I  show  in  particular  that  lipophilicity  is  a  very  poor  pre-
dictor of  drug  permeability,  and  that  we  need  to  (and  can)  bring  together  our  knowledge  of
both pharmacology  and  systems  biology  modelling  into  a  new  systems  pharmacology.
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y Beilstein-Institut www.beilstein-institut.de.
E-mail address: dbk@manchester.ac.uk
ttp://dx.doi.org/10.1016/j.pisc.2015.06.004
213-0209/© 2015 The Author. Published by Elsevier GmbH. This is an ope
rg/licenses/by/4.0/).ilstein Bozen Symposium 2014 — Chemistry and Time’’. Copyright
n access article under the CC BY license (http://creativecommons.
The  transporter-mediated  cellular  uptake  of  pharmaceutical  drugs  67
Contents
Introduction  .................................................................................................................  67
Effect of  lipophilicity  on  drug  uptake........................................................................................69
Transporters  and  the  Biopharmaceutics  Drug  Disposition  Classiﬁcation  System  (BDDCS)  ......................................  71
Lipophilicity  and  drug  promiscuity  —  an  example  from  general  anaesthetics.................................................74
Chemical  imaging  of  cellular  drug  uptake....................................................................................75
Metabolite-likeness  to  determine  likely  transporters  ........................................................................  75
Towards a  systems  pharmacology  ............................................................................................  76
Conﬂict of  interest  ..........................................................................................................  76
Acknowledgments  ...........................................................................................................  76
.....
(
G
K
2
2
A
t
s
2
C
2
K
L
C
e
N
2
e
O
2
e
o
t
m
m
D
e
2
L
a
h
2
s
2
m
(
p
a
t
i
aReferences ................................................
Introduction
A  current  development,  stemming  from  the  widely  recog-
nised  decreases  in  productivity  of  the  pharmaceutical
industry  (e.g.,  Kola  and  Landis,  2004;  van  der  Greef  and
McBurney,  2005;  Kola,  2008;  Empﬁeld  and  Leeson,  2010;
Kell,  2013;  Cook  et  al.,  2014;  Hay  et  al.,  2014),  recog-
nises  that  we  need  to  understand  the  interactions  of
drugs  and  organisms  not  via  a  reductionist,  hypothesis-
dependent  approach  (Kell  and  Oliver,  2004)  but  (not  least
because  of  the  complexity  of  such  systems,  Kell,  2012;
Kell  and  Lurie  Luke,  2015)  from  a  systems  biology  point  of
view.
As  well  as  a  recognition  of  the  need  for  hitting  multiple
targets  simultaneously,  whether  via  cocktails  of  drugs  or  via
polypharmacology  (Achenbach  et  al.,  2011;  Bottegoni  et  al.,
2012;  Mestres  and  Gregori-Puigjané,  2009;  Metz  and  Hajduk,
2010;  Milletti  and  Vulpetti,  2010;  Plake  and  Schroeder,  2011;
Simon  et  al.,  2012;  Xie  et  al.,  2012;  Hopkins,  2008,  2009),  we
thus  also  need  to  move  more  towards  phenotypic  screening
(Kell,  2013;  García-Bustos  and  Gamo,  2011;  Jenkins  and
Urban,  2010;  Klekota  et  al.,  2005;  Laggner  et  al.,  2012;  Stine
et  al.,  2011;  Swinney,  2013a;  Zhang  et  al.,  2014)  (as  was  clas-
sically  the  case  in  pharmacology,  Keiser  et  al.,  2010  and  is  in
fact  still  so  today,  Swinney,  2013a,b;  Swinney  and  Anthony,
2011).
Although  most  laboratories  were  brought  up  with  —
and  sported  on  their  walls  —  the  printed  biochemical
wallcharts  that  summarised  the  metabolic  pathways  then
known  (Michal,  1999),  it  is  only  more  recently  that  digi-
tally  available  metabolic  databases  (Ooi  et  al.,  2010)  have
come  to  the  fore  (e.g.,  ChEBI,  Degtyarenko  et  al.,  2009;
de  Matos  et  al.,  2012;  Hastings  et  al.,  2013,  HMDB,  Wishart
et  al.,  2013,  KEGG,  Kanehisa  et  al.,  2012,  2014,  MetaCyc,
Karp  et  al.,  2013;  Altman  et  al.,  2013;  Caspi  et  al.,  2014
and  MetabolLights,  Haug  et  al.,  2013).  In  particular,  the
recent  availability  of  a  highly  curated  consensus  map  of  the
human  metabolic  network  (and  thus  intermediary  metabo-
lites)  (Thiele  et  al.,  2013;  Swainston  et  al.,  2013;  Kell  and
Goodacre,  2014),  based  on  a  similar  exercise  in  baker’s  yeast
(Herrgård  et  al.,  2008),  has  become  available.  Fully  one
third  of  the  enzymatic  steps  these  contain  involve  transport
reactions.Armed  with  such  data,  another  recent  development  is
the  recognition  that  most  marketed  drugs  bear  structural
similarities  to  known  human  metabolites,  and  more  so  than
do  the  typical  structures  found  in  drug  discovery  libraries
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e.g.,  Feher  and  Schmidt,  2003;  Karakoc  et  al.,  2006;
upta  and  Aires-de-Sousa,  2007;  Dobson  et  al.,  2009a,b;
hanna  and  Ranganathan,  2009,  2011;  Peironcely  et  al.,
011;  Zhang  et  al.,  2011;  Chen  et  al.,  2012;  Walters,
012;  Hamdalla  et  al.,  2013;  O’Hagan  et  al.,  2015a,b).
rguably  consistent  with  this,  one  might  also  comment  on
he  fact  that  natural  products  remain  a  major  source  of
uccessful  (marketed)  pharmaceutical  drugs  (Baker  et  al.,
007;  Bohlin  et  al.,  2010;  Butler,  2008;  Carlson,  2010;
ragg  et  al.,  1997;  Ertl  and  Schuffenhauer,  2008;  Ganesan,
008;  Harvey,  2008;  Huang  et  al.,  2013;  Kingston,  2011;
och  et  al.,  2005;  Koehn  and  Carter,  2005;  Lam,  2007;
i  and  Vederas,  2009;  Newman  et  al.,  2003;  Newman  and
ragg,  2007,  2012;  Paterson  and  Anderson,  2005;  Rosén
t  al.,  2009;  Singh  et  al.,  2009;  Wetzel  et  al.,  2007;
ewman,  2011;  Camp  et  al.,  2012;  Cordell  and  Colvard,
012;  Dias  et  al.,  2012;  Jayaseelan  et  al.,  2012;  Zhu
t  al.,  2012;  Cragg  and  Newman,  2013;  Gu  et  al.,  2013;
ver  et  al.,  2013;  Du  et  al.,  2014;  Pascolutti  and  Quinn,
014).
Finally,  and  bringing  the  above  together,  there  is  an
merging  recognition  that  drugs  normally  get  into  (and
ut  of)  cells  by  hitch-hiking  on  the  transporters  that  are
here  not  (in  evolutionary  terms)  for  the  beneﬁt  of  phar-
aceutical  companies  but  for  the  purposes  of  intermediary
etabolism  (see  e.g.,  Kell,  2013;  Kell  and  Goodacre,  2014;
obson  et  al.,  2009a,b;  Dobson  and  Kell,  2008;  Dobson
t  al.,  2009a,b;  Kell  and  Dobson,  2009;  Giacomini  et  al.,
010;  Giacomini  and  Huang,  2013;  Kell  et  al.,  2011,  2013;
anthaler  et  al.,  2011;  Giacomini  and  Huang,  2013;  Kell
nd  Oliver,  2014;  Kell,  2015).  The  same  is  true  for  the
uge  number  of  molecules  of  biotechnological  interest  (Kell,
015;  Kell  et  al.,  2015),  and  even  for  small  molecules
uch  as  CO2 (Kaldenhoff  et  al.,  2014;  Kai  and  Kaldenhoff,
014).
Despite  this,  there  is  a  widespread  belief  that  drugs
ainly  get  into  cells  on  the  basis  of  their  lipophilicity
Seeman,  1972),  by  crossing  whatever  phospholipid  bilayer
ortions  of  membranes  may  be  present.  Although  (as  far
s  I  am  aware)  Chris  Lipinski  never  wrote  any  such  thing,
he  basis  of  the  famous  ‘rule  of  5’  (Lipinski  et  al.,  1997)
s  taken  to  assume  this,  albeit  Lipinski  did  state  (Owens
nd  Lipinski,  2003) that  if  transporters  (or  natural  products)
ere  involved  then  rule(s)  did  not  apply.  At  all  events,  it  is
idely  believed  that  because  of  this  ‘phospholipid  diffusion’
odel  for  the  ‘background’  rates  of  drug  transport,  there
re  good  correlations  between  a  drug’s  lipophilicity  and  the
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Figure  1  The  relationship  between  the  uptake  of  seven  drugs  predicted  on  the  basis  of  their  lipophilicities  and  the  uptakes
measured experimentally  in  Caco-2  cells  (data  taken  and  replotted  from  Zhang  et  al.,  2006).  (A)  A  plot  in  log—log  space.  Note  that
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ahe slope  is  considerably  smaller  than  1.  (B)  A  more  appropriat
ate  at  which  it  can  enter  cells,  and  occasionally  they  can  be
ound.  However,  in  many  cases,  despite  claims  to  the  con-
rary  (Corti  et  al.,  2006),  the  correlations  are  at  best  poor
Kell  et  al.,  2011;  Kell  and  Oliver,  2014;  Kell,  2015).  These
i
I
wt  in  linear—linear  space.
spects  lead  to  the  view  that  for  almost  all  drugs  crossing
ntact  biological  membranes,  Phospholipid  Bilayer  diffusion
s  Negligible  (PBIN)  (Kell  and  Oliver,  2014;  Kell,  2015);  this
ill  be  the  focus  of  this  article.
l  druThe  transporter-mediated  cellular  uptake  of  pharmaceuticaEffect of lipophilicity on drug uptake
Fig.  1  shows  an  example  (Zhang  et  al.,  2006)  in  which  a
lipophilicity-based  model  (here  entirely  in  silico)  was  used
t
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Figure  2  The  relationship  between  the  uptake  of  36  drugs  predicte
experimentally  in  Caco-2  cells  (data  taken  and  replotted  from  Zhang
is considerably  smaller  than  1.  (B)  A  more  appropriate  plot  in  linea
plotted are  the  weak  relationships  with  the  calculated  log  P  (cLogP)
or measured  experimentally  (D).gs  69o  predict  the  cellular  permeability  of  36  drugs.  The  abstract
laims  that  ‘‘Simulated  permeability  values  showed  good
orrelations  with  PAMPA,  Caco-2,  and  intestinal  permeabil-
ty  measurements’’.  Fig.  1A  replots  a ﬁrst  set  of  original
d  on  the  basis  of  their  lipophilicities  and  the  uptakes  measured
 et  al.,  2006).  (A)  A  plot  in  log—log  space.  Note  that  the  slope
r-linear  space;  the  correlation  is  almost  entirely  absent.  Also
 whether  the  permeabilities  are  calculated  from  the  model  (C)
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ata  (of  -adrenergic  receptor  blockers)  in  log-log  space.
he  green  line  shows  the  line  of  best  ﬁt;  as  given  in  the
aper  it  is  Y  =  0.44X −  2.4,  with  an  R2 value  of  0.76.  Note
f  course  that,  as  pointed  out  before  (Kell  et  al.,  2011),  if
ne  is  to  be  persuaded  by  a  correlation  in  log-log  space  the
lope  must  be  1.  Here  it  is  0.44.  The  consequence  is  that
umerically  some  values  are  very  far  from  being  equivalent.
 linear  plot  (Fig.  1B)  makes  this  much  clearer,  and  it  is  obvi-
us  that  the  ﬁt  is  considerably  less  good,  with  many  points
eing  well  away  from  the  line  of  identity  (and  with  the  line
t
i
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‘ntinued  ).
f  best  ﬁt  being  Y  =  0.5X +  2.10−5 and  an  R2 =  0.38).  A  second
gure,  redrawn  from  the  same  paper  (using  the  software
ngraph)  and  based  on  36  weakly  acidic  or  weakly  basic
non-zwitterionic)  drugs,  makes  this  even  clearer.  Fig.  2A
gain  shows  the  original  data  in  log—log  space.  A  subset
included  in  a  dashed  oval  in  the  original  paper,  and  referred
o  as  having  a ‘‘correctly  predicted  high-Caco-2  permeabil-
ty’’  (Zhang  et  al.,  2006),  are  here  shown  in  blue.  (Simple
nspection  shows  that  the  predicted  permeabilities  of  these
blue’  points  are  in  fact  negatively  correlated  with  those
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Figure  3  The  Biopharmaceutics  Drug  Disposition  Classiﬁca-
tion  System  (BDDCS).  (A)  Drugs  can  be  in  one  of  four  BDDCS
classes  depending  on  whether  their  solubility  is  low  of  high  and
whether  the  rate  of  their  metabolism  is  low  or  high.  (B)  Proposed
Table  1  Prevalence  of  known  transporters  among  drugs
used in  a  study  (Zhang  et  al.,  2006)  predicting  cellular  per-
meability  on  the  basis  of  a  lipophilicity  model.  ‘Circled’
refers to  whether  the  relevant  drugs  were  circled  as  a  sub-
set of  drugs  referred  to  as  having  a  ‘‘correctly  predicted
high-Caco-2  permeability’’.
ID  Drug  Circled  Representative
reference  of
transporter
interaction
1  Acebutolol  N  Bailey  (2010)
2  Acetylsalicylic
acid
N  Khamdang  et  al.
(2002)
3 Alprenolol  Y
4 Antipyrine  Y  Apiwattanakul  et  al.
(1999)a
5  Atenolol  N  Bagwell  et  al.  (1989)
6  Chlorpromazine  Y  Zolk  et  al.  (2009)
7  Clonidine  Y  Müller  et  al.  (2005)
8  Desipramine  Y  Tsuda  et  al.  (2009)
9  Diazepam  Y  Chiba  et  al.  (2013)
10  Diltiazem  Y  Tsuda  et  al.  (2009)
11  Epinephrine  N  Gründemann  et  al.
(1998)
12  Ibuprofen  Y  Takeda  et  al.  (2002)
13  Imipramine  Y  Haenisch  et  al.
(2012)
14  Indomethacin  Y  Apiwattanakul  et  al.
(1999)
15  Ketoprofen  Y  Khamdang  et  al.
(2002)
16  Lidocaine  Y  Ohashi  et  al.  (2001)a,
Nagy  et  al.  (2004)b
17  Mannitol  N
18 Metoprolol  Y  Dudley  et  al.  (2000)
19  Nadolol  N  Kato  et  al.  (2009)
20  Naproxen  Y  Khamdang  et  al.
(2002)
21  Oxprenolol  Y  Dudley  et  al.  (2000)
22  Phenytoin  Y  Westholm  et  al.
(2009)
23  Pindolol  N  Somogyi  et  al.  (1992)
24  Piroxicam  Y  Jung  et  al.  (2001)
25  Practolol  N
26 Propranolol  Y  Wang  et  al.  (2010)
27  Sucrose  N
28 Taurocholic
acid
N  Nakai  et  al.  (2001)
29  Terbutaline  N
30 Theophylline  N  Sugawara  et  al.
(2005)
31  Trimethoprim  Y  Jung  et  al.  (2008)
32  Uracil  N  Li  et  al.  (2002)
33  Urea  N  Bagnasco  (2005)
34  Valproic  acid  Y  Fischer  et  al.  (2008)
35  Verapamil  Y  Kubo  et  al.  (2013)
36  Warfarin  Y  Treiber  et  al.  (2007)roles of  transporters  in  the  four  BDDCS  drug  classes.
Redrawn  from  Benet  et  al.  (2011).
observed,  but  no  matter.)  The  straight  line  of  best  ﬁt  (in
log-log  space)  for  all  36  molecules  is  shown  in  green  and  is
Y  =  0.81X −  0.43,  with  an  R2 value  of  0.49  (Fig.  2A).  How-
ever,  when  plotted  in  linear  space  (Fig.  2B)  the  straight  line
of  best  ﬁt  is  given  by  Y  =  0.83X +  0.0001,  with  an  R2 value
of  just  0.0092  —  about  as  close  to  uncorrelated  as  makes
no  difference,  and  very  far  from  the  ‘‘good  correlation’’
claimed.  I  have  also  studied  the  relationships  between  the
permeability  and  the  lipophilicity  (cLogP),  the  latter  as  cal-
culated  using  the  ACD  software  (on  the  Chemspider  website
http://www.chemspider.com/).  For  these  data  the  relation-
ships  between  the  cLogP values  and  both  the  experimental
(Fig.  2C)  and  the  calculated  (Fig.  2D)  permeabilities  are
again  very  weak,  with  correlation  coefﬁcients  (R2)  of  0.125
and  0.11,  respectively.
Finally,  here,  Table  1  shows  that  most  of  the  drugs  used
in  the  above  study  (Zhang  et  al.,  2006)  are  in  fact  known
transporter  substrates  or  inhibitors.
Transporters and the Biopharmaceutics Drug
Disposition Classiﬁcation System (BDDCS)
The  US  Food  and  Drug  Adminstration  recognises  a  Biophar-
maceutics  Classiﬁcation  System  (BCS)  http://www.fda.
gov/AboutFDA/CentersOfﬁces/OfﬁceofMedicalProductsand
Tobacco/CDER/ucm128219.htm,  based  on  the  work  of
Amidon  and  colleagues  (Amidon  et  al.,  1995).  Related  to
a Acts as an inhibitor.
b Efﬂux transporter known.
72  D.B.  Kell
Figure  4  Lack  of  relationship  between  bulk  solubility  and  other  properties  of  BDDCS  ‘class  1’  drugs.  All  drugs  from  Table  1  of
(Benet  et  al.,  2011)  are  shown  save  chloral  hydrate  (whose  solubility  is  deemed  ‘exceptionally  large’  and  would  distort  the  graphs).
(A) Independence  between  the  amount  of  350  BDDCS  ‘class  1’  drugs  excreted  unchanged  and  their  aqueous  solubility  (and  polar
surface area,  encoded  by  colour;  cLogP  is  encoded  by  the  size  of  the  symbol).  (B)  Independence  between  the  amount  of  350  BDDCS
‘class 1’  drugs  excreted  unchanged  and  their  calculated  log  P  values  (and  molecular  weight,  encoded  by  colour;  solubility  is  encoded
by the  size  of  the  symbol).  (C)  Lack  of  relationship  between  the  aqueous  solubility  of  350  BDDCS  ‘class  1’  drugs  and  the  calculated
log P  values.
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this  (Benet,  2013),  the  BDDCS  was  introduced  in  2005  by
Wu  and  Benet  (Wu  and  Benet,  2005)  and  is  in  effect  a
‘‘Boston  matrix’’  that  divides  drugs  into  four  classes  based
on  whether  their  (aqueous  —  the  highest  dose  in  250  ml
of  water  between  pH  1  and  7.5)  solubility  is  high  or  low
and  whether  their  metabolism  is  poor  or  extensive.  It  has
been  reviewed  a  number  of  times  (e.g.,  Benet,  2010,  2013;
Benet  et  al.,  2008,  2011;  Broccatelli  et  al.,  2012).  Fig.  3A
gives  it  in  a  recent  form  (taken  from  Benet  et  al.,  2011),
while  Fig.  3B  (redrawn  from  the  same  publication)  relates
the  four  BDDCS  classes  to  the  purported  activity  of  the
various  drug  transporters  (Shugarts  and  Benet,  2009).  While
one  may  question  some  of  the  mechanistic  interpretations
of  ‘permeability’,  our  focus  is  necessarily  on  class  1,  the
largest  class  of  marketed  drugs  (Benet,  2013),  where
the  clinical  relevance  of  transporter  effects  is  said  to  be
minimal,  albeit  ‘‘BDDCS  does  not  propose  that  every  drug  in
the  class  will  be  substrates  or  not  substrates  for  the  uptake
and  efﬂux  transporters’’  (Benet  et  al.,  2011).  Nonetheless,
the  implication  of  the  BDDCS  is  that  the  high  permeability
of  class  1  BDDCS  drugs  either  is  not  due  to  transporters,  or  is
presumably  (!)  due  to  transporters  with  a  very  high  activity.
Indeed  I  have  been  told  privately  by  many  individuals  that
the  ‘transporter-only’  view  of  cellular  drug  uptake  needs
to  recognise  that  most  workers  consider  that  BDDCS  class
1  implies  a  high  non-transporter-mediated  permeability,
with  no  consequent  need  to  propose  any  transporters.  It
is  instructive,  therefore,  to  examine  the  properties  of  the
drugs  in  BDDCS  class  1.
In  the  BDDCS,  metabolism  and/or  urine  excretion  is  taken
(perfectly  reasonably)  as  a  surrogate  for  cellular  permeabil-
ity.  First,  Fig.  4  shows  for  350  of  the  351  ‘class  1’  drugs  in
(Benet  et  al.,  2011)  that  the  extent  of  such  excretion  shows
little  correlation  with  either  the  aqueous  solubility  of  the
D
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2ntinued  ).
rug  (nor  its  polar  surface  area)  (Fig.  4A)  nor  its  lipophilic-
ty  as  judged  by  cLogP (nor  MW)  (Fig.  4B).  Indeed,  for  these
highly  permeable’  and  ‘highly  soluble’  drugs  there  seems
o  be  little  correlation  between  their  solubility  in  water  and
heir  calculated  log  P  values  (Fig.  4C).  This  is  not  necessarily
urprising,  since  the  solubility  of  a  solid  in  water,  its  solu-
ility  in  octanol  (or  any  other  solvent,  or  solvent  mixture,
alter  and  Kell,  1995) and  thus  the  partition  between  the  two
hen  both  are  present  are  not  orthogonal  behaviours  (e.g.;
braham,  1993;  Abraham  and  Acree,  2010).  I thus  conclude
hat  these  bulk  biophysical  properties  have  very  little  to  say
bout  the  rate  or  extent  of  the  cellular  uptake  of  individual
rugs.  It  is  however  worth  noting  that  many  of  these  drugs
re  chiral,  and  that  in  at  least  some  cases  their  uptake  is
nown  to  depend  on  the  isomers  (Zhou  et  al.,  2014),  implying
 role  for  transporters.  There  is  no  space  for  an  exhaustive
nalysis,  but  I  would  draw  attention  to  the  stereoselectivity
f  the  uptake  of  propranolol  (Wang  et  al.,  2010;  Zheng  et  al.,
013).  It  is  also  of  interest  that  the  two  natural  metabo-
ites  with  the  closest  structural  similarity  to  propranolol  are
-(1-hydroxy-2-(methylamino)ethyl)benzene-1,2-diol  (i.e.,
drenaline/epinephrine)  and  4-(2-amino-1-hydroxyethyl)
enzene-1,2-diol  (noradrenaline/norepinephrine).  These
hould  not  be  seen  as  surprising,  given  that  the  main  tar-
et  of  propranolol  is  the  beta-adrenergic  receptor,  but  it
eads  one  to  check  for  (nor)adrenaline  transporters  in  (e.g.)
iver,  and  these  turn  out  to  be  abundant,  active  and  to
nclude  the  organic  cation  transporter  OCT1  (Breidert  et  al.,
998;  Gründemann  et  al.,  1998,  1999;  Burckhardt  and  Wolff,
000;  Eisenhofer,  2001;  Eisenhofer  et  al.,  2004;  Wright  and
antzler,  2004) and  OCT3  (Duan  and  Wang,  2010)  (although
lasma  membrane  norepinephrine,  Shannon  et  al.,  2000  and
rganic  anion  transporters  can  also  serve,  Riedmaier  et  al.,
012)!
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Figure  5  Anaesthetic  potency  and  lipophilicity.  (A)  Relationship  between  the  effectiveness  of  various  molecules  in  causing  anaes-
thesia in  animals  and  in  inhibiting  the  water-soluble  enzyme  luciferase.  Different  species  are  encoded  by  colour  (goldﬁsh,  pink;  man,
blue; mouse,  green,  newt,  yellow;  tadpole,  orange).  The  size  of  the  symbol  encodes  the  MW.  The  straight  line  is  the  line  of  best  ﬁt
Y =  1.21X  +  0.2556,  R2 =  0.9752.  Data  redrawn  from  Franks  and  Lieb,  1984.  In  linear-linear  coordinates  the  slope  is  Y  =  20.69X  −  43,359,
R  for  t
v alue
L
e
A
e
p
(2 =  0.73.  (B)  Relationship  between  luciferase  potency  and  cLogP
s. linear  cLogP  space  is  Y  =  0.98X  +  1.14,  with  r2 =  0.89.  cLogP  v
ipophilicity and drug promiscuity — an
xample from general anaestheticss  pointed  out  before  (e.g.,  Kell  et  al.,  2013;  Lounkine
t  al.,  2012),  most  even  moderately  lipophilic  drugs  are
e
r
c
she  anaesthetics  in  (A).  The  best-ﬁt  straight  line  in  log  (potency)
s  were  taken  from  Chemspider.
romiscuous  and  can  (and  do)  bind  to  multiple  proteins
on  average  6  known  ones  for  marketed  drugs,  Mestres
t  al.,  2009).  An  especially  nice  example  comes  from  the
elation  between  the  potency  as  a  general  anaesthetic  (nar-
otic)  in  various  animals  —  once  widely  believed  to  work
olely  via  non-speciﬁc  incorporation  in  membrane  bilayers
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Figure  6  Relationship  between  cytotoxic  activities  and  AlogP,
illustrated  via  the  relationship  between  the  ‘inhibition  fre-
Figure  7  A  cartoon  (replotted  from  Kell  and  Oliver,  2014,
which  has  a  CC-BY  license)  illustrating  two  organs  that  may
take up  the  same  amount  of  drug  as  observed  by  assessing  the
amount  entering  and  leaving  the  organ,  but  which  then  dis-
tribute  it  in  a  very  different  way  between  the  cells  in  that  organ
or tissue,  either  (i)  homogeneously  between  cells,  or  (ii)  very
heterogeneously.  In  the  second  case  of  a  highly  heterogeneous
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Mquency  index’  of  13,533  compounds  (Gamo  et  al.,  2010)  used  in
a study  of  Plasmodium  falciparum.
(Seeman,  1972)  —  and  their  ability  to  inhibit  the  entirely
soluble  enzyme  luciferase  (Franks  and  Lieb,  1984).  I have
redrawn  the  salient  data  in  Fig.  5.  While  the  soluble  enzyme
is  clearly  not  a  functional  mimic  of  the  anaesthetic  tar-
get(s)  in  vivo  (Moss  et  al.,  1991),  equally  clearly  there  are
excellent  correlations  between  the  potencies  (in  log  space)
of  the  various  molecules  for  luciferase  whether  compared
with  those  in  animals  (Fig.  5A)  or  with  the  calculated  log
P  (cLogP).  Recent  advances  here  include  the  extension  of
the  known  structural  basis  for  luciferase  inhibition  (Franks
et  al.,  1998)  to  a  dynamic  analysis  (Szarecka  et  al.,  2007).
Despite  some  degree  of  similarity  between  interactions  with
bilayers  and  their  true  target  we  can  ﬁnd  highly  discrim-
inating  means  for  detecting  the  involvement  of  proteins
rather  than  lipids.  Thus,  one  notable  issue  is  the  very  dif-
ferent  enthalpies  of  binding  for  binding  of  anaesthetics  to
the  hydrophobic  luciferase  pocket  relative  to  binding  to  lipid
bilayers  (Dickinson  et  al.,  1993),  and  this  may  prove  a  useful
means  of  discriminating  drug  transport  mechanisms  too.
In  terms  of  actual  in  vivo  targets  of  the  anaesthetics,
there  is  no  substitute  for  identifying  mutations  in  the  (tar-
get)  proteins  that  confer  resistance,  and  this  is  being  done
to  great  effect,  including  with  regard  to  their  structural
basis  (e.g.,  Olsen  et  al.,  2013;  Bertaccini  and  Trudell,  2012;
Sauguet  et  al.,  2013).
Lipophilicity  is  in  fact  known  to  correlate  somewhat  with
toxicity,  so  I also  replot  some  data  from  the  extensive  publi-
cally  available  dataset  of  Gamo  et  al.  (2010)  in  terms  of  their
‘inhibition  frequency  index’  as  a  function  of  log  P  (Fig.  6),
showing  a  clear  if  fairly  weak  relationship.
Chemical imaging of cellular drug uptake
The  reasons  for  studying  biology  at  least  at  the  resolution
of  single  cells  (Davey  et  al.,  1991)  all  hinge  on  the  fact
that  biological  systems  are  not  ergodic  (Welch  and  Kell,
1986),  so  that  a  time-  or  space-average,  whether  measured
ﬂow  cytometrically  (Davey  et  al.,  1991;  Davey  and  Kell,
1996)  or  via  imaging  cytometry  (e.g.,  Nelson  et  al.,  2004;
Ashall  et  al.,  2009,  does  not  represent  the  true  behaviour,
t
I
iistribution  where  some  cells  get  none  the  drug  will  display  a
ack of  efﬁcacy.
ell,  2006).  An  organ  that  distributes  a  drug  homogeneously
t  a  concentration  of  X  is  not  at  all  the  same  as  one
n  which  one  third  of  the  cells  accumulate  it  to  3X  and
ne  third  have  none  at  all  (Fig.  7)  (Kell  and  Oliver,  2014),
ven  though  by  gross  pharmacokinetics  it  might  appear  the
ame.  In  this  latter  case  the  drug  will  not  exhibit  (ade-
uate)  efﬁcacy  as  many  cells  will  not  be  touched  by  it  —
nd  this  lack  of  efﬁcacy  is  a  chief  cause  of  drug  failures
Cook  et  al.,  2014) —  while  those  areas  with  more  con-
entrated  drug  may  have  levels  that  are  toxic  (the  other
ain  cause  of  attrition).  Where  chemical  imaging  of  drugs
s  used  in  various  tissues  or  organs  it  turns  out  that  drug
istribution  is  indeed  highly  heterogeneous  (e.g.,  Khatib-
hahidi  et  al.,  2006;  Nilsson  et  al.,  2010;  Römpp  et  al.,
010,  2011;  Castellino  et  al.,  2011;  Marko-Varga  et  al.,
011;  Ait-Belkacem  et  al.,  2012;  Marko-Varga  et  al.,  2012;
l-Mashtoly  et  al.,  2014),  just  as  is  the  distribution  of  all
nown  proteins,  as  may  be  observed  in  the  human  pro-
eome  atlas  (http://proteinatlas.org/)  (Persson  et  al.,  2006;
ontén  et  al.,  2008).  Indeed  there  is  considerable  vari-
nce  in  protein  expression  even  between  cells  of  the  same
ype  grown  in  axenic  culture  (Newman  et  al.,  2006).  Thus,
xperimental  assessment  of  the  distribution  of  given  drugs
etween  (and  even  within)  cells  of  a  given  tissue  becomes
 high  priority.  As  remarked  previously  (e.g.,  Kell  et  al.,
011,  2013),  only  an  acceptance  of  the  essential  bilayer
on-permeability  of  drugs  along  with  their  carrier-mediated
ptake  can  straightforwardly  explain  these  kinds  of  cellular
istributions.
etabolite-likeness to determine likely
ransporters
f  one  accepts  the  principle  of  molecular  similarity,  the
mmediate  question  arises  as  to  which  drugs  look  like
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Figure  8  The  structural  similarity  of  the  iron  chelatordeferiprone  to  various  metabolites  from  the  human  metabolic  network
reconstruction  Recon2.  Structures  were  encoded  using  the  MACSS  ﬁngerprinting  system  with  166  structural  keys  (Durant  et  al.,
2002),  and  distances  measured  via  their  Tanimoto  similarity.  Those  metabolites  with  a  Tanimoto  similarity  to  the  drug  exceeding
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A.5, along  with  some  of  their  chemical  structures,  are  shown.
hich  metabolites.  We  have  compared  Recon2  metabolites
ith  all  FDA-approved  drugs  elsewhere  (O’Hagan  et  al.,
015a,b).  Here,  not  least  because  of  our  interest  in  iron
etabolism  (Kell,  2009,  2010;  Bester  et  al.,  2013;  Funke
t  al.,  2013;  Pretorius  et  al.,  2013,  2014;  Pretorius  and  Kell,
014;  Kell  and  Pretorius,  2014,  2015),  I  show  (Fig.  8)  the
etabolite-likeness  of  the  membrane-permeant  iron  chela-
or  (Cappellini,  2008;  Taher  et  al.,  2009a,b;  Porter  et  al.,
013;  Jamuar  et  al.,  2011;  Sripetchwandee  et  al.,  2014)
eferiprone.  Since,  apparently,  none  is  yet  known,  it  will
e  of  considerable  interest  to  assess  which  of  these  trans-
orters  it  actually  uses.
owards a systems pharmacology
ipophilicity  cannot  tell  us  about  mechanisms  even  if  there
ere  to  be  good  correlations  between  cellular  drug  uptake
nd  lipophilicity,  but  modiﬁcations  in  protein  expression
an.  As  well  as  our  own  ﬁndings  in  yeast  (Lanthaler  et  al.,
011),  the  recent  availability  of  a  great  many  mutants  in  a
ear-haploid  human  cell  line  (Bürckstümmer  et  al.,  2013)
pens  up  many  possibilities  for  determining  which  drugs
se  which  transporters,  as  is  nicely  illustrated  by  Superti-
urga  and  colleagues  (Winter  et  al.,  2014).  This  will  be  an
mportant  contribution  to  the  emerging  recognition  that  to
ake  real  progress  we  need  to  move  to  a  systems  pharma-
ology  (e.g.,  van  der  Greef  and  McBurney,  2005;  Kell  and
oodacre,  2014;  Bai  and  Abernethy,  2013;  Benson  et  al.,
014;  Berger  and  Iyengar,  2009;  Cucurull-Sanchez  et  al.,
012;  Rostami-Hodjegan,  2012;  van  der  Graaf  and  Benson,
011;  Vicini  and  van  der  Graaf,  2013;  Waldman  and  Terzic,
012;  Wist  et  al.,  2009;  Zhao  and  Iyengar,  2012;  Zhao  et  al.,
013).
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